The sex ratio and spatial structure of different sexes are major components that affect the reproductive success and population persistence of dioecious plants. The differential reproductive costs between male and female plants are often believed to cause a biased sex ratio and spatial segregation of the sexes through slower growth and/or lower female survivorship. In this study, we examined the sex ratio and spatial structure of one population of Torreya nucifera trees in Jeju Island, Korea. We also tested the effects of the current tending actions in relation to tree vitality. At the population level, the sex ratio of the 2,861 trees was significantly biased toward males; however, it also showed considerable variation among different diameter at breast height classes and across habitats according to terrain level (from upper to lower). In 1999, before tree management (tending) began, among the ecological traits examined, only climber coverage correlated with tree vitality. Intensive tending such as climber removal since 1999 clearly enhanced the vitality of the majority of trees, but its effects were more conspicuous in medium-sized trees than in small ones, in upper terrain trees than those in other terrains, and in females than in males. Both male tree domination in small and large trees and tending effects on females are likely to reflect the effects of female reproductive costs regarding growth and/or survivorship. Spatial segregation between males and females was not observed in T. nucifera. Habitat heterogeneity created by the forest's rocky ground and its implications regarding sex ratios and spatial structure require further studies.
INTRODUCTION
The sex ratio of dioecious plants is an important factor in the reproductive success of male and female plants and, furthermore, in population and species persistence (Renner and Ricklefs 1995) . If the reproductive costs of male and female plants are equivalent, frequency-dependent selection should result in a 1:1 sex ratio (Fisher 1930) . Mixed patterns have been reported, though malebiased sex ratios (Opler and Bawa 1978 , Ornduff 1985 , Sakai 1990 , Allen and Antos 1993 are more common than female-biased ones (Crawford and Balfour 1990, Ueno et al. 2007) or 1:1 sex ratios (Ortiz et al. 1998 , Schmidt 2008 . Male-biased sex ratios are generally ascribed to the effects of higher reproductive costs of females than males. Many authors have inferred higher female reproductive costs from slower growth (Obeso et al. 1998 , Nuñez et al. 2008 , delayed or less frequent flowering and fruiting (Armstrong and Irvine 1989, Thomas and LaFrankie 1993) , and/or higher mortality (Lloyd and Webb 1977, Barrett et al. 2010) . Differential growth and/or survivorship between male and female plants can generate age-or To our knowledge, the first quantitative survey sexing T. nucifera trees in Torreya Forest in Jeju Island was conducted in 1971 conducted in (Bukjeju-gun 1971 , and it showed female dominance (female, 1,438 vs. male, 1,139) . However, more recent surveys (KTHA 1999 , Lee 2009 ) assumed a 1:1 ratio at the population level, but did not employ any statistical testing or consideration of ecological traits such as plant size or sex. In an attempt to delay or reverse the decline of the Torreya population, diverse tending actions, such as climber and competing broadleaf tree removal, and surgery on weak trees, have been employed since 1999. The forest's appearance seems to have improved; however, whether the tending effects are the same among individual trees with different ecological traits, e.g., between males and females, has not yet been examined. Gotjawal Forest tends to be infertile due to thin soils, and its rockiness creates a high level of microhabitat heterogeneity. Thus, if habitat selection occurs differently between the sexes, it may be possible to observe spatial structure or clumping tree patterns between the sexes. Therefore, in this study, we address the following questions: 1) Is the sex ratio of T. nucifera 1:1; 2) Are there differences in ecological traits such as size and vitality between male and female trees as well as among different habitats within the forest; 3) Did the tending over the past ten years affect the trees' vitalities; and 4) Are male and female trees spatially segregated?
MATERIALS AND METHODS

Species and study site
Torreya nucifera S. et Z. (Taxaceae) is a needleleaf dioecious species. It is pollinated in April, and green fleshy aril-covered seeds mature in the fall one year after pollination (Lee 2003) . Various parts of this tree have traditionally been used, for example, its wood is used for furniture and its seeds are used for anthelmintic and Oriental medicines as well as for oil. Similarly to other species of the genus Torreya that exhibit a disjunct distribution, T. nucifera is currently distributed in parts of Korea and Japan only. In Korea, it occurs below 35°10′ N in eight sites (three sites with a large individual tree and five stands) in southern Korea, including one in Jeju Island, all of which are designated natural monuments. This study was conducted in Torreya Forest (Natural monument No. 374) in Pyungdae-ri, Jeju Island (33°29′ N, 126°48′ E). This forest (44.8 ha area and 143 m mean a.s.l.) is located between two small volcanoes, the Darangshioreum (382.4 m a.s.l.) stage-specific sex ratios, especially for long-living plants. However, different species adapt different mechanisms to compensate for the females' higher reproductive costs (Queenborough et al. 2007 ).
The sex-differential reproductive cost of dioecious plants can result in sex-dependent spatial segregation (SSS) (Bawa and Opler 1977 , Bierzychudek and Eckhart 1988 , Houle and Duchesne 1999 . Females subjected to resource limitations due to high reproductive costs tend to be common in more favorable or less stressful conditions in terms of elevation (Nuñez et al. 2008) , water availability (Ortiz et al. 2002) , and/or soil fertility (Lawton and Cothran 2000) . For example, female Acer negundo (Freeman et al. 1976) , Populus tremuloides (Grant and Mitton 1979) , and Salix arctica (Dawson and Bliss 1989) are found in sites with a relatively greater amount of moisture. However, conflicting results for SSS have recently been documented in diverse plants (Osunkoya 1999 , Ueno et al 2007 , Schmidt 2008 , Gao et al. 2009 , Forero-Montaña et al. 2010 . Due to the fact that the distance and distribution between male and female plants influences the level of outcrossing, and consequently seed production (Bawa and Opler 1977) , SSS is one of the major components determining dioecious plants' fitness levels.
In this study, we examined the sex ratio and spatial structure of the dioecious Torreya nucifera, a member of the tertiary relict Torreya (Sargent 1896 cited in Kim 1985 , Donoghue et al. 2001 , Milne and Abbott 2002 that occurs only in certain parts of Korea and Japan. Torreya nucifera Forest (Torreya Forest hereafter) in Korea's Jeju Island is known as the largest (N = 2,861) and oldest (mostly 200-400 years old; max. ~880 years old) population of T. nucifera in the world. Since this forest is historically believed to be a natural forest in which anthropogenic activities have been controlled for several hundreds of years (Kim 1985 , Shin et al. 2010 , it offers a good opportunity to examine sex ratio patterns across size, age groups, and spatial structure. The T. nucifera trees examined in this study were located on the rocky terrain called "Gotjawal," which is composed of ′a′a lava and pahoehoe lava (Song 2000) , and the forest upon it is called Gotjawal Forest. It is characterized by its high diversity of plant and animal species and rapid rain water filtration to ground aquifers (Song et al. 2007) . Although observations such as lack of seedlings and exotic species invasions (Korea Tree Health Association [KTHA] 1999 , Lee 2005 , 2009 ) can be signs of forest degeneration, to date, only limited studies on vegetation (KTHA 1999 , Lee 2005 , 2009 , Shin et al. 2010 ) and population genetics (Kim and Kwon 1989 , Kang 1993 , Hong et al. 2000 have been conducted.
http://jefb.org classified into four categories (healthy, moderate, weak, and very weak) depending on their overall conditions, including factors such as leaf amount, leaf color, and trunk damage (KTHA 1999) . Climber coverage was classified into four levels: severe, ≥60% coverage; middle, 40-60%; little, <40%; and none, 0%. "Bark hole area" indicates the hole area in the trunk (m 2 ); "stripped bark area" represents the damaged truck area (m 2 ); "number of competing trees" is the number of trees potentially competing with each T. nucifera tree; and "number of shading branches" is the number of branches competing for light. Since dbh and height were closely correlated in preliminary analyses (1999, r = 0.70, N = 2,878; 2009, r = 0.69 , N = 2,861; P < 0.0001 for both), dbh was used as the tree size indicator.
Ten of eleven plots of Torreya Forest divided by trails (total area, 42.3 ha) were included in this study because only Pinus thunbergii and broadleaf trees were present in Plot 11 (Fig. 1a) . The ten plots showed a slight elevation gradient according to the north-south axis: Plot 5 next to the Dotoreum in the southern end of the population was higher in elevation than Plot 9 at the north end (154 m a.s.l. vs. 128 m a.s.l.). Thus, we reclassified the ten plots into three habitats according to elevation gradient: Habitat I near Dotoreum is higher in elevation (Plots 3, 4, 5: 149.0 m mean a.s.l.) than Habitat III, which is farthest from Dotoreum (Plots 1, 8, 9, 10: 129.5 m mean a.s.l.), while Habitat II is in between (Plots 2, 6, 7: 141.7 m mean a.s.l.). and the Dotoreum (a volcano near the southern end of the population; 284.2 m a.s.l.), and it extends 1.4 km northward with a width of 0.6 km. According to data from a weather station close to the forest, in 2001 to 2010, the mean monthly temperature ranged from 5.7°C in January to 27.2°C in August (annual mean temperature, 15.9°C), the mean annual precipitation was 1,474.9 mm with a peak in August (304.4 mm), and the mean annual wind speed was 4.0 m/s (Korea Meteorological Administration 2011). This forest is renowned for its high species diversity: in addition to T. nucifera (2,861 trees ≥ 6 cm diameter at breast height [dbh] ), 230 plant species of 187 genera and 83 families and 208 insect species of 62 families are present (Lee 2009 ).
Data collection and analyses
During the quantitative survey in 1999 (KTHA 1999) , all trees ≥ 6 cm dbh were tagged and their ecological traits (size [dbh and height], sex, vitality, climber coverage, bark hole area, stripped bark area, number of competing trees, number of shading branches) were recorded. In a later study (Lee 2009 ), the tagged trees' sizes and vitalities were re-examined. These data were combined into a da- as follows: around each individual data point, numerous circles with radius r were drawn, and the correlation between the average number of individuals within the circles and the radius r was deduced to determine the O value. To conduct significance tests on the O(r) value for each distance r, the null hypothesis was formed using complete spatial randomness (CRS). The 95% confidence interval was obtained after 999 times of randomization using Monte Carlo simulations for each population. If the O(r) value was above the CRS value, the individuals were considered clumped; if it was within the 95% confidence interval, they were considered randomly distributed; and if it was below the CRS value, they were considered regularly distributed. All calculations and simulations were performed using PROGRAMITA software (Wiegand 2010) .
RESULTS
Mean size and sex ratio of T. nucifera
For the total of 2,861 trees measured in 2009, the mean dbh was 52.4 ± 20.1 cm (mean ± SD) and the mean height was 10.4 ± 2.2 m (Table 1) . However, the mean dbh varied widely among plots, ranging from 39.4 cm (Plot 10) to 61.7 cm (Plot 5). The population density was 67.6 trees/ha, but this value also differed among plots. For example, Plots 1, 4, and 9 exhibited very low densities (<30 trees/ha), whereas Plot 10, which was adjacent to Plots 1 and 9, exhibited the highest density (114 trees/ha). Across the ten plots, mean dbh values were independent of densities (r = 0.23, P = 0.5187, N = 10). Therefore, moving from Habitat I to Habitat III, there was a tendency for T. nucifera trees to decrease in size regardless of density changes.
The sex ratio of the trees was 0.52 in both 1999 and 2009. The null hypothesis of an equal sex ratio was rejected, revealing a significant bias for males (Table 2) . However, significance in sex ratios was detected only in three plots with opposite patterns: there were 1.4-1.6× more males than females in Plots 3 and 5, while there were 2.8× more females than males in Plot 8 (Table 2 ). This plotbased pattern was observed at the habitat level as well: there were 1.5× more males than females in Habitat I but 1.2× more females than males in Habitat III. Habitat II showed a 1:1 ratio.
Sex ratios tended to change in a U-shape according to dbh class (Table 2 ). Small trees < 30 cm dbh and large trees ≥ 60 cm dbh exhibited significant male skews. In particular, trees with <10 cm dbh and ≥100 cm dbh had sex ratios of 0.79 and 0.85, respectively, indicating that the Sex ratios in 1999 and 2009 were obtained by the number of male trees divided by the sum of male and female trees for each year. The chi-square test was used to confirm the unbiased sex ratio for each habitat (ten plots and three habitats). One-way ANOVA was used to examine the difference in dbh between habitats or sexes. Two-way ANOVA was subsequently used to test the simultaneous effects of habitat and sex. Annual dbh growth rates were obtained by subtracting the 1999 dbh from the 2009 dbh and then dividing it by 10. Two-way ANOVA was employed to test the effects of habitat and sex on annual growth rates. Because a number of T. nucifera trees were covered with climbing or epiphytic plants in 1999, individuals with suspicious dbh measurements were excluded from the analyses. Specifically, since mean annual dbh growth is 1.0 mm (Lee 2009 ), analyses were conducted separately for three groups of trees with annual dbh growth rates of ≤10 mm, ≤20 mm, and ≤30 mm. Spearman rank correlation analyses were used to examine whether the relationships among vitality, climber coverage, areas of bark holes, areas of damaged trunks, the number of competing trees, and the number of shading branches differed between male and female trees. After 1999, all plots except for Plot 9 were tended, e.g., logging of competing trees or removal of climbing plants. The associations between vitality (1999 and 2009) and each of the ecological traits (dbh [3 classes: <30 cm, 30-60 cm, ≥60 cm], habitat, sex, and tending) were tested using two-way contingency table analyses. The non-tended plot was excluded from these analyses. After ten years of tending, three groups of vitality change (upgraded, no change, and degraded) were identified for each individual, and its associations with the former ecological traits were examined using maximum likelihood analyses of variance. SAS Ver. 9.2 (2008) was used in all analyses.
Spatial distribution
In May 2011, we installed two quadrats in each habitat (Habitats I and II) for a total of four quadrats (each 50 × 50 m) (Fig. 1b) . The GPS coordinates for 105 individuals within the quadrats were mapped using ArcMap Ver. 9.3 (Environmental Systems Research Institute 2008).
Male and female trees' spatial structures were analyzed two ways. First, the pattern of association between the nearest male and female neighbors was examined using Fisher's exact test. Second, the O-ring statistic suggested by Wiegand and Moloney (2004) 
<0.0116
The numbers of male and female trees are based on 2009 data. dbh, diameter at breast height.
in Plot 2, while males were larger in Plot 10.
In two-way ANOVA examining the difference in annual dbh growth rates between habitat and sex, significant results were detected only when annual growth rates were expanded up to 3 mm (≤1 mm, F 5,309 = 1.01, P = 0.4104; ≤2 mm, F 5,643 = 1.18, P = 0.3185; ≤3 mm, F 5,949 = 3.88, P = 0.0018).
Relationship between tree vitality and tending
In 1999, vitality was significantly associated with climbmale trees were 3.8× and 5.6×, respectively, more abundant than females. On the other hand, the sex ratio of a 40-50 cm dbh class was 0.37, meaning that this size group is significantly skewed toward being female.
Relationship among dbh, habitat, and sex
One-way ANOVA using either sex or habitat as an independent variable showed that males had larger mean dbh than females by 2 cm (Table 3 ). The dbh also differed significantly among habitats, declining from Habitat I to Habitat III by an average of 17 cm (Table 3) .
In two-way ANOVA using habitat and sex as independent variables, the habitat × sex interaction effect was significant (Table 3) . Separate analyses for each habitat showed that in Habitats I and II, males were larger than females, while in Habitat III, the opposite pattern was observed. In subsequent analyses of each habitat, the relationship between dbh and sex differed among habitats. Across all plots in Habitat I, males were larger than females (plot, F 2,856 = 15.19, P < 0.0001; sex, F 1,856 = 12.73, P = 0.0004; plot × sex, F 2,856 = 0.23, P = 0.7978). On the other hand, in Habitats II and III, there was a significant plot × sex interaction (Habitat II, plot, F 2,1310 = 47,19, P < 0.0001; sex, F 1,1310 = 1.38, P = 0.2405; plot × sex, F 2,1310 = 6.43, P = 0.0017; Habitat III, plot, F 3,675 = 17,82, P < 0.0001; sex, F 1,675 = 2.15, P = 0.1428; plot × sex, F 3,675 = 2.82, P = 0.0383). A significant difference in mean dbh between male and female trees was detected only in Plot 2 (Habitat II) and Plot 10 (Habitat III) (Fig. 2) . However, females were larger Multiple range tests were conducted following the one-way ANOVA. Different letters among categories of habitat and sex are used to indicate significant differences between means at the α = 0.05 level.
http://jefb.org proportion of healthy trees in Habitat III was 1.6× greater than in Habitat I. The probability of males being healthy was 1.2 times higher than that of females (39.3% vs. 33.2% for male and female trees, respectively). The two groups of plots that were assigned to tending or not in 1999 did not differ in vitality before the tending was initiated (Table 4) . After ten-year tending, the proportion of trees identified as healthy in 2009 increased 1.9× compared to that of 1999 (69.7%, 21.9%, 6.6%, and 1.8%, for healthy, medium, weak, and very weak, respectively). Vitality in 2009 was significantly associated with dbh, habitat and tending but not with sex (Table 4) . Healthy trees were twice more abundant among large trees than small trees (88.9% vs. 43.0%). Conversely, weak (and very weak) trees were almost ten times more abundant in small trees than in large trees (20.3% vs. 2.3%). In Habitat I, the number of trees showing moderate vitality was less than expected, while in Habitat III, the reverse was true. In particular, the association between vitality and tending was quite strong er coverage only in both male and female trees (r = 0.56 for both male and female trees; N = 1,498 and 1,371, respectively) and not with any other examined traits. Excluding the association between areas of bark holes and stripped barks, correlations between ecological traits were either weak or absent.
In 1999, trees assigned to the healthy group comprised only one third of the population (36.4%, 42.5%, 19.3%, and 1.8% for healthy, medium, weak, and very weak, respectively). In two-way contingency table analyses, vitality was significantly associated with dbh, habitat, and sex (Table 4 ). Almost half of the large trees ≥ 60 cm dbh (48.5%) were identified as healthy, and 12.8% of them were identified as weak or very weak. On the other hand, medium-sized trees (30-60 cm dbh) (26.9%) rather than small trees < 30 cm dbh were mainly identified as being weak or very weak. The proportion of weak and very weak trees was 27.6% in Habitat I, while it was lower in Habitats II and III (18.2% and 18.5%, respectively). Conversely, the P < 0.0001, N = 644; df = 4 for all habitats), while in Habitat II it was also associated with sex (Habitat II, G = 7.32, P = 0.0257, df = 2). Of the 17 trees that died between 1999 and 2009, almost half were healthy (N = 8) and covered weakly with climbers (N = 10) in 1999. However, due to a small number of dead trees, it was not possible to find a relationship between mortality and ecological factors, e.g., sex, climber coverage, and plot. Fig. 3 shows the distribution pattern of male and female trees within four quadrats established in Habitats I and III. Sex ratios within quadrats were quite analogous to those within habitats (0.65 and 0.63, respectively, in quadrats A and B in Habitat I; 0.43 and 0.35, respectively, in quadrats C and D in Habitat III). Significant associations between nearest neighbor sexes were detected only in quadrats B and D (A, X 2 = 0.02, P = 0.33; B, X 2 = 8.06, P = 0.0065; C, X 2 = 0.21, P = 0.3062; D, X 2 = 9.49, P = 0.0034). However, due to a lack of consistent patterns in significance across quadrats, it was difficult to interpret these results. Based on the O-ring statistic, there was no significant spatial pattern in any of the quadrats (Fig. 4) . Only in quadrat D was there a weak pattern of clumping among females at a distance of r = 7: however, the pattern did not persist.
Spatial pattern
after ten-year tending (Table 4) . Seventy percent of the trees in the tending plots were healthy compared to 5.1% in the non-tended plot.
Tracking the individual tree vitality for ten years, the proportion of trees whose vitality was upgraded, maintained or degraded was 46.4%, 43.6%, and 10.0%, respectively (Table 4) . Vitality change patterns differed significantly according to dbh, habitat, and sex. Almost half of the medium-sized trees displayed improved vitality (52.9%), while only 8.4% of them displayed decreased vitality. In contrast, only one third of small trees exhibited increased vitality, while one fourth displayed decreased vitality (30.2% vs. 25.9%). Compared to Habitat III, Habitat I trees had a 1.4× higher probability of having an upgraded vitality. Among females, the proportion of trees whose vitality was upgraded was greater than those with no change (49.4% vs. 41.0%), whereas the opposite was true for males (44.9% vs. 46.2%). Also, approximately half (47.0%) of the trees in the tended plots for ten years had upgraded vitalities compared to those of the trees in the non-tended plot, and only 9.3% had lower vitalities. In contrast, only a single tree from the non-tended plot displayed improved vitality, while 61.5% displayed worsened vitalities. Considering dbh, habitat, and sex simultaneously, all main variables and the dbh × habitat interaction were significantly associated with vitality changes (Table  5) . Separate analyses for each habitat showed that in all habitats, a vitality change was associated with dbh without significant two-way interactions between dbh and sex (Habitat I, G = 30.67, P < 0.0001, N = 862; Habitat II, G =109.26, P < 0.0001, N = 1,316; Habitat III, G =109.267, http://jefb.org with dbh ≥ 100 cm strongly suggest a higher mortality for females due to their high reproductive costs. On the other hand, a higher proportion of female trees among the middle-sized trees may reflect the increase in female trees that have grown as much as males (reaching 30-60 cm dbh) until they become old. In this study, we could not find evidence of differences between sexes in annual dbh growth, although average male dbh was slightly larger than that of females. However, it should be mentioned that in 1999, measuring dbh was an extremely difficult task because of climbers' heavy coverage of trunks at that time. Lee (2009) noted that the dbh of T. nucifera trees increases by an average of 1 mm per year or 10 mm over ten years but did not consider sex-specific dbh growth. Close examination of dbh growth needs to be studied to incorporate microhabitats, sex, and life history stages.
As the distance from the Dotoreum increased, and the elevation decreased, the sex ratios of T. nucifera trees declined from 0.60 in the upper terrain (Habitat I) to 0.46 in the lower terrain (Habitat III). Thus, the sex ratio and dbh gradients appear to be relatively concordant with the elevation gradient. Whether the elevation gradient represents a certain environmental factor that can affect resource availability, e.g., light, soil moisture, or temperature, has not been examined in this study: such information is critical in understanding factors affecting T. nucifera's sex ratios. Although there are opposing views, this forest is generally believed to have generated naturally (Kim 1985 , Shin et al. 2010 . However, several plots deviate quite a bit from the overall size or density pattern.
DISCUSSION
Sex ratios
Until quite recently, the sex ratios of T. nucifera trees in Jeju Island have been assumed equal (1:1) (KTHA 1999 , Lee 2009 . In this study, we found that Torreya Forest has a sex ratio of 0.52 (1,498 males and 1,363 females) that is significantly male-biased. This result corresponds to those of earlier studies that show male-biased sex ratios in many dioecious woody species (Lloyd 1973 , Opler and Bawa 1978 , Ornduff 1985 , Thomas and LaFrankie 1993 , Obeso et al. 1998 .
However, sex ratios of T. nucifera trees vary according to the trees' dbh values and habitats. The sex ratio and dbh class are correlated not in a simple pattern but rather in a complex U-shape pattern: male bias among trees with dbh < 30 cm and ≥ 60 cm, and female bias between the two groups. Analogous patterns were observed in Acer negundo (Jing and Coley 1990) , Siparuna grandiflora (Nicotra 1998) , and Salix sachalinensis (Ueno et al. 2007 ). Male-biased sex ratios in relatively small trees are likely to be a result of male trees' precocious growth compared to that of female trees. Male trees may attain dbh ≥ 6 cm earlier than females, consequently contributing to the higher sex ratio in small trees. Woody plants in general possess a lower mortality than herbs and often choose to hold off on reproductive activities rather than die in unfavorable conditions, potentially resulting in ambiguous sex-based mortality patterns (Nicotra 1998) . Despite this, the results that males were 6× more abundant than females for trees and Grau (2006) also showed that liana colonization in a subtropical montane forest was not a function of tree size but was rather largely a function of light and canopy access through dispersal at a scale of up to 40 m. It is notable that males and females did not show vitality differences in 2009, suggesting that climber removal may provide more benefits to females that suffer from resource limitation. This result is likely to reflect indirect evidence of female reproductive costs.
Tending may be needed to maintain T. nucifera trees for a sustainable period. However, tending actions are necessarily accompanied by disturbance, changing species composition, and/or nutrient dynamics (Schnitzer and Bongers 2002) . Recent reports that Pinus thunbergii and several broadleaved trees are increasing, and that exotic species such as Zingiber mioga are expanding its range in the forest (Lee 2009 ) may be related to tending or other human activities in the forest. If so, tending or managing Torreya Forest should consider the ecology of trees such as size, age, habitat, and sex rather than implementing strict and uniform actions across the entire forest. Maintaining the ecosystem integrity may be the ultimate goal of conservation.
Spatial pattern of T. nucifera trees
The expected SSS under the hypothesis of the high reproductive cost of females has been observed in many angiosperms and gymnosperms including Juniperus virginiana (Lawton and Cothran 2000) and Taxus baccata (Hultine et al. 2007 ). However, in this study, we did not find a significant pattern of spatial structure, similar to other more recent studies (Ueno et al. 2007 , Schmidt 2008 , Gao et al. 2009 , Forero-Montaña et al. 2010 ). Male and female T. nucifera were distributed randomly in all quadrats except D, in which a weak pattern of female clumping could be observed at a distance of r = 7 m. Nonetheless, we acknowledge that this study has limitations, largely due to the following reasons. First, as most of trees in the forest are >200 years old and their crown width is very large, there were limited numbers of trees within the quadrats, which possibly reduced the power of the spatial analysis. Second, Torreya Forest represents a Gotjawal forest on rocky ground with thin soil and broken lava blocks, creating extremely heterogeneous microhabitats (Song et al. 2007 ). Such forest heterogeneity may hinder the quadrat-based SSS. Furthermore, if trees respond to multiple stressors in such a heterogeneous habitat, it may not be possible to identify a clear SSS pattern. These possibilities should be addressed in a subsequent study.
For example, Plot 10 consisted of smaller trees than plots within the same habitat, but its density was twice as high as the average population density of 67.6 trees/ha. Plot 4 was also characterized by much smaller trees than nearby plots. A photo taken in 1967 showed that these plots were much thinner in the past (unpublished data). Thus, considering the long history of this forest and economic values of T. nucifera, it is difficult to believe that the forest is entirely natural. Understanding the patchy structures described above would provide valuable information for the adaptive conservation of T. nucifera trees in Jeju Island.
Tree vitality
Diverse climbers such as Kadsura japonica, Parthenocissus tricuspidata, Hedera rhombea, Euonymus fortunei, Smilax china, Pueraria lobata, and Trichosanthes kirilowii inhabit Torreya Forest (Lee 2009 ). The negative effects of climbers on host plants, e.g., exerting pressure to the trunk and reducing host plant photosynthesis, are widely known (Tibbetts and Ewers 2000) . The strongly negative correlations between trees' vitalities and climber coverage confirms the negative effects of climbers in T. nucifera. In Torreya Forest, ten years of tending increased the proportion of healthy trees from 40% in 1999 to 70% in 2009. On the other hand, in the plot that was not tended, only a single tree (equal to 5% in proportion) was in a healthy condition, while 61.5% were in weak condition. These results reveal that suppression by climbers can be detrimental to T. nucifera. T. nucifera is an extremely shade-tolerant species (KTHA 1999) , and climbers are generally known to be more pronounced on shade-tolerant host species (Schnitzer and Bongers 2002) .
The effect of tending on T. nucifera's vitality can be age, habitat, and sex dependent. In contrast to 53% of medium-sized trees enhancing their vitality by 2009, a large portion of small trees' vitality declined sharply during the same time. This suggests that tending effects are sizedifferential: through tending, medium-sized trees seem better able to recover their competitive ability than smallsized trees. The lower fitness of small trees after tending can imply a serious problem of securing successive trees especially because seedlings and saplings are rare in the forest. Tending effects also differed among habitats. Habitat I was characterized by large trees with wider crowns and seemed to have had more time to be colonized by the climbers. However, the significant dbh × habitat interaction during the simultaneous association tests of vitality change, dbh, habitat, and sex, suggests that the association of vitality and dbh can vary among habitats. Malizia
